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Abstract 


Although relatively rare, biopsy proven herpes encephalitis is the 
commonest cause of fatal encephalitis in N. America. Untreated it has a 
mortality rate of 70-80%. In 1977 an antiviral agent adenine 
arabinoside (ara-A) was shown to reduce this mortality rate to 30%. The 
greatest effect of the drug was demonstrated when it was given early in 
the course of the infection. Unfortunately brain biopsy is the only 
accepted way of achieving a definitive diagnosis of herpes encephalitis. 
The invasive nature of the diagnostic test has naturally tempered 
enthusiasm for early diagnosis. Therefore, there is a considerable need 
for a non invasive diagnostic test for herpes encephalitis. 

In 1977, a new antiviral agent, a nucleoside analogue, Acyclovir 
was first described which is selectively phosphorylated by a virally 
coded enzyme (thymidine kinase). This phosphorylation step selectively 
traps acyclovir within herpes infected cells. Since then several other 
nucleoside analogues such as Bromovinyldeoxyuridine have been described 
with similar characteristics. This research has been based on the 
hypothesis that the selective trapping of nucleoside analogues within 
herpes infected cells can be used to diagnose herpes encephalitis by 
using a radiolabelled nucleoside analogue and a brain scanning 
technique. 

Initial studies involved establishing an animal model of herpes 
encephalitis suitable for study. In the literature a variety of animal 
models of herpes encephalitis have been described but information 
concerning the reproducibility of the induction of encephalitis, the 
clinical signs of disease, and the localization of infection is often 
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not reported. Seven variables were adjusted in this work to find models 
suitable for radioisotope scanning and pharmacokinetic studies. Finally 
a rabbit model of herpes encephalitis, following intracerebral injection 
of HSV-I, was established which appeared suitable for radioisotope 
scanning. A mouse model following intracerebral injection of HSV-I, was 
established for tissue distribution studies. 

Four nucleoside analogues suitable for radiolabelling were 
synthesized by the Department of Chemistry (Dr. M.J. Robbins) and the 
Faculty of Pharmacy (J. Samuel, Dr. E. Knaus, Dr. L. Wiebe) at the 
University of Alberta. These agents were tested for antiviral activity 
in tissue culture and Iodovinyldeoxyuridine was selected as the most 
promising agent due to its high antiviral activity (ID,, = 0.007 ug/mL) 
and the ease of synthesis and radiolabelling. Subsequent experiments 
quantifying the uptake of radiolabelled Iodovinyldeoxyuridine in herpes 
infected cells in vitro have shown that the trapping is both selective 
and rapid, and also occurs at a concentration of virus likely to be 
present in the infected human brain. 

Preliminary studies in vivo quantifying the uptake of this 
radiolabelled compound in rabbits have confirmed that the radiolabel is 
selectively concentrated in herpes infected brains but not in uninfected 
brains. However the magnitude of this trapping is not great and is 
masked by a persistently high blood level. This prolonged high blood 
level of radioactivity was unexpected and currently efforts are being 
undertaken to identify the cause. Should the uptake of radiolabelled 
IVDU allow detection by scanning of rabbits with herpes encephalitis, a 


clinical trial would appear indicated. 
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CHAPTER I GENERAL INTRODUCTION 
A. HERPES VIRUSES 

The herpetoviridae consists of a family of large, enveloped, 
DNA-containing viruses (1). Although many members of the family are 
pathogenic, only five members are significant human pathogens. They are 
herpes simplex virus types I and II (HSV-I, HSV-IIL), varicella-zoster 
virus (VZ), Epstein-Barr virus (EBV) and human cytomegalovirus (HCMV). 
All members of the family have a nucleic acid core 30-45 nm in diameter 
which possesses the double stranded DNA. The core is surrounded by an 
icosahedral capsid. An envelope studded with glycoprotein projections 
surrounds the capsid giving the complete virus particle a diameter of 
120-250 nm (1). The individual viruses can be distinguished by the 
composition of the genome as well as by the antigenicity of the capsid 
and envelope proteins. Using restriction endonucleases, strains of each 
type of HSV can now be readily identified (2). 

Herpes viruses can cause a variety of different illnesses in man 
but fortunately most infections are self limiting and rarely fatal. For 
many years HSV has been known to cause mucocutaneous infections but it 
was only in 1961 that it was first appreciated that there are two types 
of HSV, with both shared and distinct surface antigens (3). 

HSV-I can cause gingivostomatitis, keratoconjunctivitis, whitlow, 
cold sore, genital infections and occasionally encephalitis. HSV-II is 
primarily seen in genital infections and much less frequently in 
oro-labial and whitlow infections (4). However with changing sexual 
habits these distinctions are becoming blurred and the site of isolation 


of the virus no longer automatically predicts the type of HSV (5). Both 
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HSV-I and HSV-II possess the remarkable ability to become latent after a 
primary infection and then to become reactivated at a later date and 
cause illness. About 30-50% of adults in higher socio-economic groups 
have HSV antibodies whereas in lower socio-economic groups 80-100% have 
antibodies to HSV (6). 

Primary infection with HSV-I is usually in the form of a self 
limiting gingivostomatitis. The virus is believed to spread in a 
retrograde fashion back to the trigeminal ganglion where it becomes 
latent in neuronal cells (7). A variety of stimulants including 
sunlight, heat, local trauma, menstruation, infection, and stress have 
all been associated with reactivation of HSV-I. The exact mode of 
action of these triggering agents remains uncertain although transient 
changes in cell mediated immunity and shifts in intracellular 
prostaglandin levels have been noted (8,9,10). HSV-I usually recurs in 
the form of a cold sore and analysis of the viral DNA in recurrent 
episodes from individual patients has shown that the virus is 
genetically identical, confirming the concept of reactivation (11). 
Latent HSV-I has also been isolated from both superior cervical and 
vagus ganglions and these may be the sites of origin for recurrences 
causing herpes oesophagitis (12). Herpes simplex encephalitis may 
follow a primary infection but usually results from reactivation of a 
latent virus (13). 

HSV-II has similar properties of latency. After a primary genital 
infection the virus becomes latent in the sacral ganglia to become 
reactivated intermittently and cause clinical illness. VZ, another 
herpes virus, causes chicken pox as the primary infection before 


becoming latent in the dorsal root ganglia. Reactivation of VZ usually 
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produces infection in the distribution of one dermatome and is called 
shingles (4). HCMV and EBV also possess the ability to become latent in 
the host and can recur to cause illness. However, unlike HSV and VZ 
they are not neurotropic and are believed to become latent in the host's 
leukocytes. 

B. HERPES ENCEPHALITIS 

3 Epidemiology 

Many viruses are known to cause encephalitis in humans. In North 
America, togaviruses and bunyaviruses account for many of the clinically 
apparent cases. As they are arthropod-borne they have characteristic 
epidemiological features occurring during distinct seasons each year and 
only in certain areas of the continent. Enterovirus infections can also 
cause encephalitis and their pattern is also seasonal. Fortunately most 
cases of viral encephalitis follow a benign course and deaths are 
relatively infrequent; however, some togavirus infections can be severe, 
but are rare in North America. 

Although it had been strongly suspected from early animal studies 
that herpes viruses could cause human encephalitis, it was not until 
1941 that HSV was isolated and definitively identified from the brain of 
a child dying from herpes encephalitis (14). Since then herpes 
encephalitis has become accepted as the most common cause of fatal 
encephalitis in North America and England (15). However, despite 
considerable recent advances in both the diagnosis and treatment of 
herpes encephalitis, there still exists considerable controversy 
concerning both clinical spectrum of the disease and also the optimal 
approach to achieving a diagnosis (16,17). 


The National Institute of Allergy and Infectious Diseases (NIAID) 
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Collaborative Antiviral Study Group has reviewed some epidemiological 
features of patients with biopsy-proven herpes encephalitis (18). In 
their series herpes simplex encephalitis occurred in all age groups, was 
equally common in both sexes, showed no obvious predisposition to affect 
any particular racial group and had no particular seasonal distribution. 
Untreated biopsy proven herpes encephalitis carried a mortality rate of 
70% (19). 

Although HSV-I is by far the commonest type of herpes virus causing 
herpes encephalitis in adults, HSV-II and VZ can also cause encephalitis 
in selected cases. Encephalitis in adults resulting from HSV-II is 
particularly rare, accounting for 3% of all adult cases (20,47). In 
neonates HSV-II encephalitis is usually one feature of a disseminated 
infection, but may also present as a localized infection. Both carry a 
significant mortality and morbidity even with optimal antiviral therapy 
(21). VZ encephalitis is rare and may be found in immunocompromised 
patients with disseminated infection. These patients usually do very 
poorly despite therapy (22). 

Although most cases of herpes encephalitis in adults are due to 
HSV-I and in neonates are due to HSV-II, the relative incidence of each 
type of virus needs to be monitored. This has become increasingly 
important with the development of the very new highly potent antiviral 
agents, which have pronounced activity primarily against HSV-I e.g. 
E-5-(2-bromovinyl )-2'-deoxyuridine (BVDU) (23). 

a Pathology 

Since the original description of the first documented case of 

herpes encephalitis in 1941, there has been considerable interest in the 


pathology of this disease (14,90). Even in the early studies, the 
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severity of tissue necrosis caused by the infection, and the localized 
and asymmetrical topography of the lesions were readily appreciated 
(93). 

At post mortem examination, the brains of victims of herpes 
encephalitis frequently have a characteristic macroscopic appearance 
with a severe hemorrhagic necrosis and cerebral softening accompanying a 
destruction of gross architecture (92,93). The topography of the 
infection is particularly interesting with a predilection for affecting 
the medial temporal and frontal regions of the brain (92,93). However 
in rare cases the parietal lobe, occipital lobe and the brain stem have 
all been implicated as being the site of initial localization 
(94,95,96). 

Both light and electron microscopy have been used to examine brain 
tissue from victims of herpes encephalitis. Lymphocytic infiltration, 
perivascular cuffing and neuronal and glial cell loss are commonly found 
but all are non specific, as they can be encountered in other conditions 
(47). Eosinophilic intranuclear inclusions of Cowdry Type A are 
observed in approximately 70% of all cases of herpes encephalitis and 
are used as a significant marker for the diagnosis (90). However, the 
value of inclusion bodies as a diagnostic marker was challenged when it 
was proposed that they could represent non specific artifacts of little 
diagnostic significance (91). The validity of using these intranuclear 
inclusion bodies as a marker for viral encephalitis has been confirmed 
by electron microscopy. Inclusion bodies have been shown to consist in 
most cases, of a granular matrix embedding viral particles undergoing 
replication and maturation (98,92). 


In the NIAID collaborative study on herpes encephalitis 71/84 
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patients with proven herpes simplex infection had pathologic changes on 
a brain biopsy consistent with herpes encephalitis. Those changes were 
perivascular cuffing, lymphocytic infiltration and/or neuronophagia as 
described previously. Intranuclear inclusion bodies were found in 47/84 
patients. Of importance in twenty-five of the seventy patients where 
the biopsy was negative for herpes infection changes compatible with 
viral encephalitis were identified. In ten of these specimens inclusion 
bodies were noted, and in seven of these cases a non-herpes but still 
viral cause for the encephalitis was identified (47). 

3. Pathogenesis 

There appears to be at least three different settings for the 
development of human herpes encephalitis. In neonatal infection, it is 
believed that the infection is acquired during delivery through a birth 
canal infected with HSV-II. The virus may cause a local superficial 
infection of the infant's skin, mouth or eye, or it may cause a 
localized encephalitis without evidence of visceral involvement. Ina 
small number of cases it may penetrate through the nasopharynx and cause 
a viremia with multiple organ involvement including the brain (24). 

In adults it was originally believed that herpes encephalitis 
resulted from a primary infection. However by 1965, many patients 
suffering from acute herpes encephalitis had been identified who had 
serological evidence of previous herpetic infection, and the concept of 
a primary infection had to be reviewed. 

Herpes virus DNA has been identified in trigeminal, sacral, 
superior cervical and vagus ganglia (12,7,26). Infectious virus can be 
reactivated by culturing the ganglia removed from cadavers (104). This 


evidence has led to the belief that herpes encephalitis usually results 
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from reactivation of a latent virus in the trigeminal ganglion. 

On most occasions a reactivated herpes virus in the trigeminal 
ganglion tracks peripherally to produce a cold sore. On rare occasions 
the virus may spread along the tentorial nerves, which originate from 
the trigeminal ganglia, to cause encephalitis (27). This route of 
infection would explain the asymmetrical characteristic topography of 
the lesions in herpes encephalitis, since the tentorial nerves supply 
the fascia near the temporal and frontal lobes. Another plausible route 
of infection which has been proposed is that of direct spread along the 
olfactory bulbs particularly in primary infections (29). 

It is also conceivable that the virus causing herpes encephalitis 
could in fact originate from the reactivation of a virus latent within 
the brain itself. HSV-I nucleic acid sequences have been readily 
detected by in situ hybridization in thin sections of brains from mice 
inoculated (six months previously) with HSV-I. These mice were 
clinically well and virus could not be recovered by conventional culture 
(105). Examination of the DNA extracted from 11 human brains has shown 
HSV-I DNA sequences in six samples. In some cases a complete viral 
genome was detected while in others only a part of the genome, or 
terminal fragments could be detected (106). 

Unfortunately it is not clear what proportion of adult herpes 
encephalitis is a result of primary infection. The NIAID study has 
revealed the complexity of the problem (13). HSV-I isolated from seven 
patients with simultaneous orolabial herpes and biopsy proven 
encephalitis were examined by DNA restriction endonuclease 
fingerprinting. Presumably if the encephalitis resulted from a virus 


latent in the trigeminal ganglion the patterns obtained from both 
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isolates would be identical. In four of the seven patients the viruses 
isolated from the brain and the oral lesions were identical by DNA 
restriction enzyme analysis. Three of these patients had a long 
standing history of cold sores and readily detectable antibodies in the 
acute serum suggesting that a reactivation of a latent virus was the 
cause. In the other patient, the absence of a history of previous cold 
sores and undetectable antibodies in the acute serum suggested that this 
could have been a primary infection. In the three remaining patients 
the authors felt that the differences in the fingerprint patterns were 
minor and did not exclude these being the same viruses (13). In 
conclusion, adult herpes encephalitis may follow a primary infection but 
it is more likely to result from a reactivation of a latent virus. 

One major question on the pathogenesis of herpes encephalitis is 
still unresolved. It is not clear why virus (HSV-I) which is 
ubiquitous in nature and causes a relatively minor self limiting 
infection in the majority of people can, in a few people cause a 
fulminant lethal encephalitis. Until recently it was believed that 
differences in pathogenicity of viral strains might be significant. In 
1923, it had been noted in a rabbit model that one strain of herpes 
could cause encephalitis while a second strain was non-pathogenic (30). 
Laboratory strains of HSV-I have also shown variable neurovirulence 
(31,107). Recent studies using DNA restriction enzyme fingerprint 
analysis, have failed to reveal any common denominator in the brain 
biopsy isolates from patients with HSV-I encephalitis (32,33). It now 
seems unlikely that specific strains of HSV-I with increased tropism or 


pathogenicity for neural tissue will be identified from HSV encephalitis 


patients. 
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Other hypotheses have been proposed to explain the pathogenesis of 
herpes encephalitis and include i) an innate or acquired immunological 
deficiency facilitating encephalitis, ii) a chance event permitting 
viral access to the brain via a neurotropic route. Unfortunately no 
hypothesis has been generally accepted (13). 

4. Clinical Features 

The full clinical spectrum of herpes encephalitis is poorly 
understood and highly controversial. The controversy arises from the 
differing criteria used to achieve a diagnosis (34,16). 

Using the most stringent criteria for diagnosis, by culturing HSV-I 
from a brain biopsy, the NIAID Collaborative Antiviral Study Group have 
reviewed the clinical features of over one hundred cases of herpes 
encephalitis (18). As previously mentioned no predisposition to herpes 
encephalitis was noted in either sex, in any age group or ethnic 
background or at any particular season. The commonest clinical findings 


both historically and at presentation are listed below. 


Alteration of consciousness = 97 % 
CSF pleiocytosis - 97% 
Fever —~ 927 
Personality change - 852% 
Headache a 812 
Dysphasia } - 76% 
Seizures ~ 6/74 
Autonomic dysfunction - 602 


These figures have confirmed the clinical impression that herpes 


encephalitis most frequently presents as a febrile illness in a patient 
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with a history of headache, personality change and diminished level of 
consciousness, who may proceed to develop localizing signs and symptoms 
usually to one or both temporal lobes. The natural history of 
biopsy-proved HSE is depressing with a 70% 6 month mortality rate and 
with a high morbidity in the survivors (19). 

A major controversy exists over the possibility that herpes may 
cause a mild diffuse encephalitis. Klapper, Bailey and Longson in the 
United Kingdom argue that HSE is common, but in most cases the mildness 
of the disease precludes a brain biopsy and the cause of the 
encephalitis goes unidentified (34). The diagnostic criterion for HSE 
in these studies was based on a radioimmune assay (RIA) for HSV 
antibodies and they believe that a certain ratio of cerebrospinal fluid 
(CSF) to serum antibodies is diagnostic of herpes encephalitis (36). 
Concern has been expressed that in the study which claims to validate 
this test, the controls were poorly selected and were inappropriate to 
the clinical setting where the test might be used. Secondly, it is 
argued that the number of patients in the brain biopsy proven group was 
too small to make this significant conclusion (16). 

In summary, the clinical features of herpes encephalitis are 
non-specific and where a brain biopsy confirms the diagnosis, the 
outlook without treatment is particularly poor. The presence of a mild 
form of herpes encephalitis has yet to be confirmed. 

56 Diagnosis 

The diagnosis of herpes encephalitis cannot be made with certainty 
using clinical assessment and non-invasive tests. The only accepted and 
definite means of diagnosing herpes encephalitis pre-mortem is by 


demonstration of herpes simplex virus in tissue obtained by a brain 
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biopsy. The difficulty often arises in deciding which patients to 
biopsy. Non-invasive tests, although not definitive, are of some value 
in making the decision to proceed to biopsy and sometimes will assist in 
determining the site of biopsy. The NIAID collaborative study has 
provided valuable information by comparing the value of the non-invasive 
diagnostic tests to the results of brain biopsy (18). 

a) Electroencephalogram (EEG) 

The EEG in herpes encephalitis may show generalized abnormalities, 
but it is of particular help when it becomes localized with 
predominantly spiked and slow waves in the temporal region (37,38). In 
the NIAID series 81% of patients with herpes encephalitis had 
localization on EEG (18). In our series, 7 of 8 patients had 
localization on EEG (64). It is important to stress that localization 
on EEG is not specific since 59% of the HSV negative biopsied patients 
had focal signs on EEG. (18). The localization of the lesion on EEG 
often precedes changes detected on brain or CT scanning, and is 
therefore particularly useful in assisting with the choice of biopsy 
site. Some authors have suggested that slow wave complexes on EEG are 
associated with a poor prognosis (87,88). The number of patients 
evaluated in these studies was small. In view of the poor prognosis of 
all patients with HSV encephalitis, we do not feel there is presently 
sufficient evidence to correlate EEG findings with prognosis. 

b) Brain Scan 

It has been suggested that technetium brain scans may be of value 
in localizing the side involved in herpes encephalitis (40). In one 
study of 11 patients with presumed herpes simplex encephalitis (5 biopsy 


proven, 6 based on serology), the EEG scan was positive in 8 of ll, CT 
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scan negative in all patients and static radionucleotide brain scan was 
positive in all 10 patients in which it was performed. In our study of 
nine patients with herpes simplex encephalitis, brain scan was positive 
in the 4 patients in which it was performed (64). In NIAID study, 
technetium brain scans showed localizing features in 50% of cases, but 
was falsely positive in 14% of cases (18). The value of technetium 
brain scanning in herpes simplex encephalitis appears to be that it will 
localize the site of infection early, often before the computerized 
tomographic (CT) scan abnormalities are detectable. 
c) Cerebral angiography 

There are few studies of herpes simplex encephalitis in which 
cerebral angiography has been done routinely. In one study the role of 
cerebral angiography was reviewed in achieving a diagnosis of herpes 
encephalitis in 11 patients (10 biopsy proven) (39). The cerebral 
angiograms show characteristic changes of mass effect,localized areas of 
hypervascularity and venous blush. These findings are non-specific for 
herpes encephalitis and no studies have compared the value of cerebral 
angiograms with less invasive non-specific diagnostic techniques such as 
CT scans, EEGs or technetium brain scans. 
d) Computerized Tomography 

Computerized tomography has provided major advances in the early 
diagnosis of many neurological conditions. However the CT scan is 
neither sensitive nor specific enough to be used alone to achieve a 
diagnosis of herpes encephalitis (41). In one study all 11 patients 
studied with CT scan early in their disease had negative CT scans. In 
that study, Kim attributed the negative CT scanning results to the short 


interval between the onset of neurological symptoms and the first scan 
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(40). The commonest abnormality is a low absorption area in the 
temporal lobes with or without a mass effect (42). Unfortunately the CT 
scan is often normal in early cases and in the NIAID study showed a 
localization in only 60% of cases. False positive scans were obtained 
in 22% of cases (18). Unfortunately, the CT scan is most often negative 
in the early stages of herpes simplex encephalitis at the time when 
diagnosis is most crucial to the eventual outcome. 
e) Antibody Studies 

About 30% of patients with herpes simplex encephalitis are 
seronegative at the onset of disease implying that their encephalitis is 
the result of a primary herpetic infection. Seroconversion in these 
patients commonly ranges between 80-90%, depending upon the sensitivity 
of the test used (47). As many as 70% of patients who are seropositive 
at the onset of disease may show a four fold boost in antibody titres. 
There are some problems in the interpretation of these results, since 
40% of the biopsy negative encephalitis patients who were seropositive 
at the time of biopsy also demonstrated significant increase in antibody 
titres. The serological tests used in the NIAID study were 
neutralization titres, passive hemagglutination or immunofluorescence 
for IgG antibodies (47). These tests are very sensitive and this may 
account for the relatively low specificity of the test. These results 
emphasize the difficulty in interpreting serum antibody studies in HSV 
encephalitis. 

In an attempt to overcome these problems, CSF antibody levels have 
been examined both in isolation and also as a ratio to serum levels as 
possible diagnostic tests (46,47). Normally there is a barrier to the 


diffusion of antibody from blood to the CSF so that a much lower level 
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of antibody, usually less than 200-300 fold, is found is the CSF (58). 
However, if there is an HSV infection within the brain, specific 
antibody production in the CNS should dramatically increase levels. A 
ratio of serum to CSF of <20 has been proposed as being useful in 
diagnosing acute herpes encephalitis (46). The NIAID study group have 
reviewed their data and have shown that using simultaneous assays of 
serum and CSF antibodies, a lowered ratio of serum to CSF antibodies has 
a 50% sensitivity and 81% specificity for HSV encephalitis during the 
first ten days of infection. Unfortunately, the low sensitivity during 
the early phase of infection and the occasional false positive limits 
its value as a diagnostic tool for early HSV encephalitis. 

f) Cerebrospinal Fluid Studies 

Routine studies are not very helpful in the diagnosis of herpes 
encephalitis. There are no characteristic differences in either protein 
or glucose levels in the CSF that distinguish the HSV positive from the 
HSV negative groups. In general, there is a mild elevation of CSF 
protein and the CSF WBCs are frequently elevated to 50-500 ode find and 
the CSF:blood glucose ratio was greater than 50% in 95% of the cases 
(18). 

Several investigators have attempted to utilize the presence of 
viral antigens or proteins in the CSF to achieve a diagnosis. HSV-I 
specifies an enzyme thymidine kinase, which can readily be distinguished 
from cellular enzymes (51). In a rabbit model with early herpes 
encephalitis, virally specified TK can be detected in the CSF. Ina 
limited study of human HSV encephalitis, viral TK has been detected in 
CSF (52,53). However these results have yet to be reproduced or 


confirmed in other studies. 
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A similar promising approach is to detect HSV antigens in the CSF 
of patients with HSV encephalitis using either radioimmune assay or 
enzyme link immunoassay (54,55). However these tests have still to be 
evaluated in a clinical trial. 

Although Dyan and Stokes (56) claimed that immunofluorescent 
staining of CSF lymphocytes could be of value in the rapid diagnosis of 
HSV encephalitis, these results have been challenged (57). There has 
been no further studies suggesting that this technique would be useful 
in early and specific diagnosis of HSV encephalitis. 

g) Brain Biopsy 

Positive identification achieved by culturing herpes simplex virus 
in brain biopsy tissue is the only definitive diagnostic test for herpes 
encephalitis. The biopsy detects in 98% of cases (50). 

Traditional tissue culture methods for isolation of herpes simplex 
virus may take 2-3 days and may even be slower particularly if taken 
from an inappropriate site (44,99). This delay has resulted in the 
development of a number of techniques to give a more rapid diagnosis 
while the culture result is awaited. Histological examination of the 
brain biospy in herpes encephalitis classically shows perivascular 
cuffing, lymphocytic infiltration and neuronophagia. These features 
were found in 71 of 84 patients in whom herpes simplex virus was 
subsequently cultured. In these patients only 47/84 patients had 
intranuclear inclusion bodies Cowdry Type A. In biopsy negative 
patients 25/70 also had evidence of acute encephalitis and ten of these 
patients had intranuclear inclusion bodies. These findings demonstrate 


the poor specificity of histology (47). 


Electron microscopy has been used to examine brain biopsy 
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specimens. Traditional examination using thin section blocks takes 2-3 
days and has a sensitivity of 45% with a specificty of 98% (47). 
However, more rapid attempts at diagnosis are being made by examining 
directly a freeze thawed preparation of homogenized tissue. 

Touch preparations of the biopsy can be used for direct or indirect 
immunofluorescence to detect herpes virus antigen. In the NIAID study 
this test is positive in 70-80% of cases with a specificity of 91% 
(45,47). This test offers a diagnosis within hours of the time of 
biopsy. Selection of the most appropriate test for any given hospital 
depends upon the availability of equipment and technical expertise. 

One study has quantified the virus recovered from 18 brain biopsy 
specimens. Eleven patients had >104 Tissue Culture Infective Dose 


(TCID,,) per g brain, while 7 patients had <104 TCID 


50 
9 Per 8 brain (47). 


5) 
Those patients with a large quantity of virus at the time of biopsy had 
a poorer outcome (47). 

The principle argument against performing a brain biopsy when 
herpes encephalitis is suspected is that it is an invasive procedure 
(48). The risks associated with brain biopsy have been quantified in 
two series covering 90 consecutive brain biopsies (49,97). The major 
risks encountered are those of anaesthesia, intracranial bleeding, 
infection and post operative seizures (49,97). This risk of serious 
morbidity from a brain biopsy is in the neighbourbood of 0.5 to 2% (17). 

One unexpected bonus from performing brain biopsy, is that in over 
one quarter of the herpes negative group, a previously unsuspected 
diagnosis which had not been achieved by conventional investigations, 


was made. In NIAID study 20 of the 76 biopsy negative patients had a 


new diagnosis made as a result of the biopsy (50). It cannot be 
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emphasized too strongly that these patients then received appropriate 
therapy based on the new diagnosis and 13 of the 20 patients made a 
complete recovery (50). 

The importance of performing a brain biopsy to achieve the 
diagnosis of herpes encephalitis remains both an emotional and a 
controversial subject. Several factors including the risk of the 
procedure, the criteria used to select patients, the benefits of 
achieving a diagnosis and the risks of blind drug therapy all have to be 
considered in making this decision. 

There is an argument by some clinicians that blind therapy with 
ara-A in patients with the clinical picture and non-specific tests 
supporting the diagnosis of HSV encephalitis should be an accepted 
practice (106). This argument will gain more support if and when less 
toxic antiviral agents become available for the treatment of HSV 
encephalitis. However, the principle of doing a brain biopsy to 
diagnose HSV encephalitis should not be based on the relative toxicity 
of antiviral agents, but on the principle that, wherever possible, 
therapy should be directed at an identifiable etiological agent. The 
clinical and non-invasive diagnostic tools currently available will 
identify a group of patients in which HSV is the etiological agent in 
only about 60% of cases (50). The benefit of the biopsy has been 
clearly demonstrated in the NIAID study where the biopsy confirmed HSV 
encephalitis in 98% of HSV encephalitis patients, and also diagnosed 
other treatable diseases in 20 of the 76 HSV biopsy-negative patients 
(50). Many of these patients received appropriate therapy with 
favourable results. Such patients could have suffered irreversible 


neurological damage or death if they had been given blind antiviral 
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therapy. 
6. Therapy 


For many years antiviral therapy for herpes encephalitis was not 
attempted since the only available antiviral agents caused excessive 
host toxicity when used systemically. In 1970 idoxuridine, a nucleoside 
analogue used topically for herpes keratitis, appeared to be beneficial 
if given systemically in treating herpes simplex encephalitis (109). 
However, this was an uncontrolled study and the criteria for the 
diagnosis of herpes simplex encephalitis were not sufficiently rigid. 
Despite this, for several years idoxuridine was the accepted standard 
therapy for herpes encephalitis. (108). In 1975, idoxuridine was shown 
to be both ineffective and toxic in a well designed placebo-controlled 
study with firm diagnostic criteria for herpes simplex encephalitis 
(59). Two similar nucleoside analogues have also been evaluated in the 
treatment of herpes encephalitis. Cytosine arabinoside has proved to be 
ineffective and highly toxic (34). However, adenine arabinoside (ara-A) 
has been shown to have a considerable therapeutic effect and currently 
is the only drug licensed for the treatment of herpes simplex 
encephalitis (19,50). In the initial trial of ara-A, 28 patients with 
biopsy proven herpes simplex encephalitis were randomised to receive 
either placebo (10 patients) or ara-A (18 patients). Of the ten 
patients treated with placebo, seven died within one month and a further 
two within six months (35). Only five of the eighteen patients treated 
with ara-A died. The placebo arm of this study was discontinued on 
ethical grounds (19). The study was continued with ara-A being given to 
all adult patients with biopsy proven herpes simplex encephalitis (50). 


In the 75 patients with biopsy proven herpes simplex encephalitis 
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treated with ara-A, cumulative mortality after one year was 39%. Two 
major prognostic indicators were noted. Patients under the age of 
thirty, who were only lethargic at the time of biopsy responded well and 
often returned to normal life. However, older patients, comatose at the 
time of biopsy faired badly and had an 80% mortality rate (50). These 
figures indicating an improved overall mortality with therapy, although 
encouraging, have not always been reproduced in other centres (60). A 
similar study has demonstrated the efficacy of ara-A in neonatal herpes 
simplex virus infection (21). 

When the diagnosis of herpes simplex encephalitis has been 
confirmed by a brain biopsy, standard therapy now consists of ten days 
of treatment with intravenous ara-A at a dosage of 15 mg/kg/day. 

Several recent case reports have noted "relapses" or “recurrences” after 
antiviral therapy (99,100,101). In one case, a patient responded to ten 
days of ara-A therapy following a clinical diagnosis of herpes simplex 
encephalitis, but eight weeks later developed an encephalitic illness 
and HSV-I was recovered from a brain biopsy (99). In the one study 
where viral titers were made of the brain biopsy and subsequently of 
autopsy material, ara-A therapy resulted in a substantial reduction in 
viral titers in seven of eight patients, while in all patients receiving 
placebo viral titers increased (48). Although several hypotheses could 
readily explain these cases of relapsed encephalitis, a continuous 
review of both the duration and dosage of any regimen is prudent. 

Unfortunately ara-A is a toxic agent. Its side effects include 
Nausea, vomiting, diarrhea, bone marrow suppression, weakness, tremor 
and confusion (50,61). Furthermore, concern has been raised that the 


fluid load required to administer a therapeutic dose of ara-A may 
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be causing significant morbidity (62). For this reason considerable 
research has been undertaken into alternate antiviral therapy. 

Adenosine arabinoside-5'-monophosphate (ara-AMP) is metabolised to 
the same active component as ara-A, but it has the advantage of a much 
greater solubility. In animal studies it appears to be effective in 
treating herpes simplex encephalitis (63). However, in the NIAID study, 
ara-AMP has recently been withdrawn because of “no demonstrable benefit” 
(120). In one recent local trial of ara-AMP treatment in biopsy proven 
HSV encephalitis, eight of nine patients were alive after one month and 
five of nine after one year and no marked toxicity was noted (64). 

Several other new agents have recently been developed which are 
highly selective in inhibiting HSV replication and have little host 
toxicity. The efficacy of 9-(2-hydroxyethoxymethyl) guanine (acyclovir, 
ACG) and of E-5-(2-Bromovinyl )-2'-deoxyuridine (BVDU) in treating HSV 
encephalitis in animals has been demonstrated (65,66). Currently ACG is 
being evaluated by the NIAID in a controlled trial in humans. 

Many patients with herpes encephalitis will require ventilatory 
assistance during decreased levels of consciousness. Cerebral oedema 
can adversely affect the outcome. Surgical decompression and insertion 
of pressure monitors may be necessary (34). The use of high doses of 
steroids have been advocated for the control of cerebral oedema, however 
the value of steroids in treating cerebral oedema associated with 
encephalitis remains controversial (110). 

7. Animal Models 

For over sixty years animals have been used as models for herpes 

infections. Initially animal models were used to investigate the 


pathogenesis of herpes infections but more recently they have been used 
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extensively for the testing of antiviral agents. The use of animal 
models has been of invaluable benefit in improving the understanding of 
herpes infections. 

Doerr and Vochting in 1920, described that inoculation of herpes 
virus onto a rabbit's cornea led to the rabbit developing encephalitis 
(67). They believed that the initial infection caused a viremia which 
seeded in the brain. This view was corrected in 1923 when Goodpasture 
and Teague documented transmission of herpes virus from a peripheral 
focus to the central nervous system along sensory, motor and even 
sympathetic nerves (30). By injecting herpes into peripheral sites and 
subsequently examining central nerves for intranuclear inclusion bodies 
characteristic of infection, transmission of virus from the masseter 
muscle to the trigeminal nerve and from the vitreous humour to the optic 
tract were documented. Injections into other sites confirmed rapid 
transmission along almost any nerve. 

Furthermore they developed a model of herpes encephalitis by 
inoculating herpes onto the scarified cornea of a rabbit. They found 
characteristic pathological changes along with sensory branch of the 
trigeminal nerve spreading into the pons and caudal medulla. The 
lesions in later stages of infection involved the ventral surface of the 
telencephalon including Ammon's horn. The inclusion bodies were usually 
found in tissue on the side of the infected eye although contralateral 
lesions were demonstrated (30). 

Animal models of herpes encephalitis were not used to a great 
extent until the 1960s when the identification of herpes as a 
significant cause of human encephalitis kindled interest in both the 


pathogenesis of herpes encephalitis and in possible forms of therapy. 
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In 1970 some of the original studies were repeated using electron 
microscopy to confirm that herpes could pass from the cornea to the 
trigeminal ganglion and subsequently produce a localized encephalitis 
(68). Since then several different models of herpes encephalitis have 
been described. 

a) Intraocular injection 

Direct injection of herpes into the eyes has been described as one 
route of inducing encephalitis in 18 day old albino rabbits (69,70). 
Seven days after the injection of virus into the eye most animals became 
ataxic with head jerking movements. 10% of these animals proceed to die 
from convulsions but in the remaining 90% the signs completely resolve 
after 1-2 days. The virus spreads down the optic nerve by cell to cell 
infection of the neuroglia at a rate of 1-1.5 mm per day. By day 16 
pathological lesions are found in the contralateral side of the chiasma 
in the lateral geniculate body and in both optic nerves. 

This route of infection has been used in one study to correlate 
fluorescein staining for HSV and uptake of a ia labelled antiviral drug 
(71). Studies quantifying the severity of viral infection in this model 
have not been performed to date. 

b) Intranasal Inoculation 

Two different research groups have used intranasal inoculation of 
HSV into weanling mice as a model of herpes encephalitis (72,73). Both 
groups point out that entry through the nasopharynx is an important 
portal of entry in man. The model was primarily used for testing the 
activity of a number of new antiviral agents, when the infecting dose of 
virus would kill 99% of untreated mice. Of interest one group noted 


that older mice were resistant to the lethal effects of intranasal 
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inoculation of HSV (73). 
c) Intracerebral Inoculation 

Direct intracerebral inoculation of HSV has been used to 
precipitate encephalitis in mice, rats and guinea pigs (74,75). These 
models have been used primarily to test the efficacy of new antiviral 
agents. In one study 500 g guinea pigs inoculated with HSV 
intracerebrally reproducibly died between days 5 to 7. By 
immunofluorescent staining, a high concentration of viral antigen in the 
anterior cortex, and moderate concentration of antigen in both 
hemispheres was demonstrated (74). 

d) Intraperitoneal Inoculation 

Intraperitoneal inoculation of HSV in weanling mice has been used 
to test antiviral agents (77). The encephalitis that develops is only 
one of the many sites of infection throughout the body. 

e) Corneal Inoculation 

Inducing encephalitis by corneal inoculation has two obvious 
advantages. Firstly, the introduction of the virus to the brain is in a 
non-invasive fashion, and it avoids a variety of artifacts and side 
effects caused by direct inoculation. Secondly, as the route of 
infection centres on the trigeminal ganglion, it probably simulates 
human infection more closely (68). 

Barringer using rabbits age 3-6 weeks has found that most animals 
after having HSV inoculated onto the scarified cornea developed a 
twisting of the head towards the inoculated side after 7-9 days. By day 
10-12 a few animals had repeated twitching of the side of the face, 
retraction of the head and clonic movements of the forelimb. In these 


animals viruses could be identified in the inferior frontal portions of 
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both cerebral hemispheres (68). 

A mouse model of herpes encephalitis following corneal inoculation 
has been fully described (78). About 50% of weanling mice infected by 
corneal inoculation developed encephalitis. The first signs were 
apparent at 6-10 days and death occurred at 9-13 days. In this study, 
various areas of the brain from the animals were studied each day by 
histological sections for pathological lesions, by electron microscopy 
and by immunofluorescent staining for viral antigen and by plaque-assay 
for viral titers. Of particular interest was the finding that viral 
titers in the trigeminal ganglion were very high reaching 107 pfu/g of 
pooled tissue (78). 

C. NEW ANTIVIRAL CHEMOTHERAPEUTIC AGENTS 

Initial attempts at antiviral chemotherapy used agents developed by 
the oncologists for inhibiting DNA replication. Understandably these 
agents lacked specificity and induced considerable host toxicity (59). 
However the demonstration in 1963 that herpes viruses infecting mouse 
fibroblasts induced a unique thymidine kinase (TK) opened a new 
opportunity for chemotherapy (79). The demonstration that this virally 
specified enzyme had biochemical differences distinct from the host 
enzyme and it could phosphorylate nucleoside analogues, while host cell 
enzymes failed to recognize them as substrates, has made specific 
antiviral chemotherapy a real possibility (80,51). 

Acyclovir (9-(2-hydroxyethoxymethyl)guanine, ACG) is the first of a 
new class of antiviral agents that use viral TK to enhance their action 
(81). ACG is only phosphorylated by virally specified TK to its 
monophosphate derivative ACG-MP (82). Cellular enzymes further 


phosphorylate ACG-MP to its di and triphosphate derivatives (83). The 
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ACG-TP preferentially inhibits virally specified DNA polymerases (84). 
The phosphorylation of ACG causes it to be selectively trapped within 
HSV infected cells. In cells infected with either HSV TK-ve viruses or 
other viruses that do not specify TK, ACG is not phosphorylated and the 
ACG trapping within the cells is not significant. 

The specificity of uptake of nucleoside analogues into virally 
infected cells is of major importance in reducing the toxicity of these 
drugs. Many new antiviral agents, which are similar to ACG in that they 
rely on viral TK for activation and uptake, are currently under 
development. For example, BVDU holds considerable promise in that only 
very small concentrations, in the order of 0.007 ug/mL, are required to 
significantly inhibit viral replication (23). 

The studies conducted so far in both animal and clinical infections 
suggest that these agents are very potent, have only minor toxicity to 
the host and live up to their considerable potential which was first 
recognized in in vitro studies. 

D) THE PROBLEM AND THE APPROACH 

Achieving a definitive diagnosis is the cornerstone of good medical 
therapy. It removes concern about “missed” diagnoses, allows both 
treatment and response to be properly evaluated and avoids subjecting a 
patient to the potential side effects of drugs that offer no benefit. 

In herpes encephalitis, the diagnosis can only be made at the expense of 
undergoing a brain biopsy, a procedure which carries a small but real 
risk to the patient. Furthermore only one half of the patients judged 
by other non specific tests to have features compatible with herpes 
encephalitis actually have this infection. Therefore, there is a great 


need for a sensitive and specific, non-invasive test to diagnose herpes 
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encephalitis. The aim of this research has been to use the selective 
trapping of antiviral agents within HSV infected cells as a tool to 
develop a brain scan for herpes encephalitis. 

As the new generation of antiviral agents are recognized only by 
herpesvirus specified TK, they are effectively trapped within HSV 
infected cells. If an appropriate gamma emitting label could be 
substituted into or attached to these antivirals and it became 
subsequently concentrated within HSV infected cells it could be used for 
diagnostic imaging. Preliminary studies using ic labelled antiviral 
agents have recently been reported in HSV infections (71). However, 
adequate quantitation of the viral infection with the radiolabel uptake 
were not reported. Furthermore, substitution of a gamma-emitting 
radioisotope into 2'fluoro-5-iodo-arabinosylcytosine (FIAC), the agent 
used in these studies, may be both technically difficult and could 
change the configuration of the drug so radically that the preliminary 
study to demonstrate the selective trapping would have to be repeated. 

The approach to the problem has been initially to investigate and 
evaluate a variety of animal models of herpes encephalitis for their 
ability to simulate the human infection. The ideal animal model would 
be one that developed focal HSV encephalitis localized around the 
temporal lobe that could be induced in 100% of animals with little 
artifact. An animal with a large brain would offer obvious advantages 
in requiring less resolution in the scanning procedure. 

Next, a variety of cold antiviral agents were examined in tissue 
culture for their ability to inhibit viral replication. The 
radiolabelled agents were used in uninfected and HSV infected tissue 


culture to provide data on the uptake of label into infected cells, on 
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the optimal timing and dosage of drug administration and on the 
predicted sensitivity and specificity of the test. 

These studies have been followed by tissue distribution studies of 
the labelled antiviral compound in an infected and uninfected animal 
model so that optimal conditions for a scan could be established. The 
ultimate aim of this research would be to compare in a clinical trial 
the sensitivity and specificity of the selective trapping of the 
radiolabelled nucleoside in a brain scan to that of the brain biopsy for 


the diagnosis of herpes encephalitis. 
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CHAPTER II MATERIALS AND METHODS 
A. CHEMICALS AND REAGENTS 

Agarose and L-glutamine were purchased from Sigma Chemical Company, 
St. Louis, Missouri. Disodium ethylenediamine-tetraacetate (EDTA) and 
sodium bicarbonate powder were purchased from Fisher Scientific Company, 
Fair Lawn, New Jersey. Penicillin G was bought from Glaxo 
Pharmaceuticals, Toronto, Ontario, and streptomycin was bought from 
Allen and Hanburys, Toronto, Ontario. The Basal Medium Eagles (BME), 
Minimum Essential Medium (MEM), Foetal calf serum and bovine calf serum 
were all purchased from Flow Laboratories, Virginia. All bottles of 
serum were heat inactivated at 56°C for 30 minutes and maintained at 4°C 
until use. 

Sodium phenobarbital was purchased from Abbott Laboratories, 
Montreal, Quebec. Lidocaine Hydrochloride 2% was purchased from Astra 
Laboratories, Montreal, Quebec. Trypsin (1:250) was bought from Difco 
Laboratories, Detroit, Michigan and neutral red was bought from J. Baker 
Chemical Company, Phillipsburg, New Jersey. All tissue culture plates, 
tubes and flasks were purchased from Beckton-Dickinson, Oxnard, 
California. 

8-Iodo-9-(2-hydroxyethoxymethyl)guanine (I-ACG) and 8 - 
Bromo-9-(2-hydroxyethoxymethyl)guanine (Br-ACG) were provided generously 
by Dr. M.J. Robbins, University of Alberta. pt3+1)-1odovinyl- 
deoxyuridine and [}7°1]-r1odovinyldeoxyuridine were synthesized and 


provided by J. Samuel, under the supervision of Dr. L. Wiebe and 


Dr. E.E. Knaus, Unversity of Alberta (114). 


238 


nace? Issiupdd> amgie aor tdandating 9 ‘pean atacand 
; =, 
bre GCATGR) soeses2 santdnd~atthethonsiinis fixzboa 10 oi . 


.teaqoD oitlinstoe yetel? moz} hensistag smae Te bwery 

af a re * 
Y hibit orned pent, se a 
: aN ats ot 
nor? tHguod eswy alaymbsesite bit editrsawee ye otdorst <8 


—* qt a 


oxeis) ort tHhgood saw 


-(34) eslged mirtbs! Ines® oiT Lob react » RCI -; 

ne Ofno spivod bite mixog Jiao thecot . tet) i: tet: 
to esbiagod LIA jlolgti? .eolsbisrote! wolt wot? beens 

~¥ $ }! ‘ o = he = _*? ak ; a” 
J's 3e benisoutam bee ealdunio GF rol 0°OE Je SeIevisonas Sees 

= ' 


esizosnsaded J3ocds mor? beerdowsg vow [a9 nexsdegelg 


eTiIeaA motTt bicmigndq env SE obtadcidsos sh a agree antes 
y ad ig 
ou 


es3ii.aort tdgvod exw (O02Se!) atsgyrT haa _ Leeneyt 
id ‘ 7 
7s7e8 iC. word dgued eee bea seat bin nee habs ae! ake 


f ‘Torre =a 
2978 fq stviftuy auetiy 1f4.4 ‘toasty wait eiitohjaees 
i © a7 “s a? 
.D3sax0 ,noratéAaif~-codaiasd mo=7 a sist: 
J ie i y i ; 4 tay ‘ Ay y! | 


Al 


- & brs neue 


i 
ylenotsesy bebiverxg. sxav (88-38 


a | 


~Iyutvebol- m 


ait 


hoes bealaots wee. 


2 
- bos adorn ia a 


i 


29 

Bi ANIMALS AND VIRUSES 

1. Animals 

Guinea pigs (Hartley strain), mice (Balb/cCr strain), rats (Lewis 
strain) and rabbits (Dutch strain) were all obtained through the 
University of Alberta Small Animal Breeding Program. The date of birth 
was known for each animal and all animals were kept under standard 
conditions. 

2. Viruses 

Herpes simplex Type I viruses, KOS strain, and B2006 strain which 
is TK deficient (121), were obtained from Dr. W.C. Leung, University of 
Alberta. Herpes simplex Type I (JLJ strain) was obtained from the 
culture of the brain biopsy of a local patient with herpes encephalitis. 
Typing had been previously performed by immunofluorescence. 
e CELL PREPARATION AND MAINTENANCE 

1. Continuous cell lines 

Vero cell lines were maintained in Eagle's minimal essential medium 
(MEM) supplemented with 100 IU./mL of penicillin G, 100 pg/mL of 
streptomycin, 2 g/L NaHCO3, 2 mM of glutamine and 4% calf serum. The 
monolayers were disrupted by washing twice with ATV solution (Trypsin 
1:250 at 0.25%, 0.5 mM dextrose, 100 mM KC1, 100 mM naCl, 50 mM NaHCO. 
and 1 mM EDTA) and divided in the ratio of 1 to 3. All cultures were 
maintained at 37°C in either tissue culture plates in a humidified 5% 


CO, incubator or screw capped culture flasks. 


2 
2. Primary rabbit kidney cells 


Three day old rabbits were sacrificed by cervical dislocation. The 
kidneys were removed, washed several times in sterile phosphate buffered 


saline (PBS) and cut into small pieces. The pieces were incubated for 
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30 
40 minutes at 37°C in 10 mL BME containing 0.25% Trypsin 1:250, 100 
3° The 


supernatants were collected from three sequential incubations and added 


IU./mL penicillin G, 100 ug/mL streptomycin and 2 g/L NaHCO 


to 10 mL of Foetal calf serum. After a cell count, tissue culture 
flasks were seeded at a concentration of 5 x 10° cells per 25 one flask. 
Cells were maintained in 10 mL of BME supplemented with 10% foetal calf 
serum, 100 ug/mL streptomycin, 100 IU./mL penicillin G, 2 g/L NaHCO, and 
2 mM glutamine. Cells were split three times, 24-48 h apart, usually at 
a ratio of 1:2 and were used after 3 cell passages. 
D. VIRUS PREPARATION 

1. Stock Virus 

Monolayers of Vero cells were infected at a multiplicity of 
infection of 0.1 plaque forming units (pfu) per cell. At approximately 
20 hours, when the cells showed marked cytopathic effect (CPE), the 
virus was harvested by subjecting the cells to three cycles of freezing 
and thawing, followed by centrifugation at 1000g for 10 minutes. The 
supernatant which contained the virus was stored in aliquots of 5 mL at 
-70°C. 

2. Brain samples 

The brains were removed from the animals aseptically and were 
bisected and each half divided into three geographical areas. Samples 
were weighed, diluted to 10% w/v with MEM, supplemented with 2 mM 
glutamine, 2 g/L NaHCO, , 100 IU./mL penicillin G, 2% calf serum and 100 
ug/mL streptomycin and sonicated at 200 watts for 3 minutes in a 
Braunsonic sonicator. Following centrifugation at 1000g for 10 minutes 


serial dilutions of the supernatant were made. All samples were stored 


at -70°C until plaque assays were performed. 
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E. PLAQUE ASSAYS 

1. Virus Titrations 

Vero cells were grown to confluency in 60 mm tissue culture dishes. 
The media was removed and 0.1 mL of the virus was spread over the cells' 
surface. After a 1 h incubation period in a humidified 5% co, incubator 
at 37°C, an overlay of 4 mL of preheated 1.2% agarose and MEM 
(supplemented with 100 IU./mL penicillin G, 100 ug/mL streptomycin, 2 
g/L NaHCO, 2 mM glutamine and 2% calf serum) was made. After three 
days, a 2 mL solution of preheated 1.2% agarose, MEM and 1% neutral red 
was added on top of the overlay. 

Plaques were counted macroscopically 6 h after staining and CPE was 
confirmed by microscopic examination. 

2. Antiviral activity assays 

Primary rabbit kidney cells were passed and grown to confluency as 
previously described. After infection with 30-50 pfu of HSV-I in 0.1 
mL, the cell monolayer was incubated for one hour at 37°C in a 


humidified 5% CO, atmosphere. Various dilutions of each drug were 


2 
prepared in MEM (supplemented as previously described) mixed with an 
equal volume of 1.2% agarose in double strength supplemented MEM 
solution and were added to monolayers to give a final volume of 4 mL. 
F. ANIMAL INFECTION TECHNIQUE 

Mice and rats were anesthetized in an ether chamber. Guinea pigs 
and rabbits were sedated by intraperitoneal injection of phenobarbital 
(0.08 mg per g body wt.). Following removal of fur with an electrical 
shaver, the scalp was cleaned with povidone iodine solution 5%, 


anesthetized with 2% lidocaine and a small burr hole was made with a 16 


G needle midway between the eye and the ear and 3 mm to the LEFT of the 
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midline. A 26 G needle was inserted to a depth of 4 mm through the burr 
hole and 0.1 mL of MEM containing the virus was injected into the left 


temporal lobe. 


G. QUANTITATION OF CELLULAR UPTAKE OF (13+1)-1vpu BY RABBIT KIDNEY 


CELLS 

The rabbit kidney cells were grown to confluency in 25 ae flasks 
(approximately 5 x 10° cells/flask). The medium was removed and the 
cell monolayer was infected with a known infecting dose of either HSV-I 
(TK +ve), HSV-I (TK -ve) or mock infection. After 1 hour, 2 mL of 
medium was added to the flask which was incubated at 37°C. A known 


1 
" I]-IVDU in 0.2 mL was added at 7 h after 


activity and concentration re 
infection. The dose and activity of the (3+1)-rvpu was deliberately 
chosen to be well below the range where its antiviral activity may 
inhibit viral replication, but was sufficient to provide adequate 
counts. Unless otherwise stated, the flasks were incubated for a further 
4 h. Early CPE was confirmed microscopically prior to harvesting. The 
supernatant was decanted and the cells washed twice with 1 mL of 
phosphate buffered saline. The washings were added to the supernatants 
for quantitative counting. Radio immune precipitation assay (RIPA) 
buffer (1 mL) was added to each flask to dissolve the cells (85). The 
flask was left for five minutes and the fluid removed. After two 
further washes with RIPA buffer (1 mL/wash), quantitative counting was 
performed on the solubilized cells. All samples were counted within six 


hours of collection in a Beckman 8000 gamma counter. 
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CHAPTER III EVALUATION OF ANIMAL MODELS 
Many variables are involved in establishing an animal model of 
herpes encephalitis. Seven variables were examined either alone, or in 
a small number of the possible combinations in the effort to establish 
an animal model suitable for pharmacokinetic studies and radioisotope 
scanning. 
The variables were: 
i) Animal species eg. rat, mouse, guinea pig, rabbit 
ii) Age of animal eg. weanling, adult 
iii) Route of infection eg. corneal inoculation, intracerebral injection 
iv) Titer of infecting dose eg. 10° pfu, 10° pfu. 
v) Strain of infecting virus eg. HSV-I (JLJ), HSV-I (B2006), HSV-I 
(KOS) 
vi) Volume used to deliver the infection eg. 0.01 mL, 0.1 mL 
vii) Time at which the animal brains were examined eg. 2 days, 5 days 
The ideal model would be an inexpensive animal in which 
encephalitis could be induced atraumatically with reproducibility. 
Preferably the encephalitis would be localized to one area of the brain 
in a similar distribution to that found in human herpes encephalitis and 
the animal should exhibit clinical signs suggestive of encephalitis. An 
identical animal model with the infection caused by a TK -ve deficient 
mutant of HSV-I would also be desirable as it would provide an excellent 
control to test the specificity of the scanning approach which depends 
upon viral thymidine kinase (TK) activity. 
A. ANIMAL SPECIES 
Several pilot experiments were initially performed using a small 
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number of animals. Four different species of animals were examined as 
potential models. One strain of each animal species always provided by 
the same supplier was used during this research. This was a deliberate 
policy to avoid any of the variations in resistance to HSV-I infections 
that have been demonstrated between even closely related strains of the 
same animal species (111). The following basic criteria were used to 
assess the suitability of the animal for further study: 

li The ease and safety of inducing anesthesia. 
2. The ease of inducing infection by a given route. 
3% The ability of the animal to exhibit recognizable clinical signs of 
encephalitis. 
4, The ease with which the brain could be removed, its areas 
recognized, and detailed dissection performed. 
1. Rat 
Six adult Lewis strain rats (wt. approx. 300 g) were anesthetized 
by ether. Considerable difficulty was encountered in achieving a 
suitable level of anesthesia for a duration adequate to give an 
intracerebral injection of 107 pfu HSV-I (KOS). Two rats failed to 
revive after anesthesia. Two rats were alive but had not exhibited any 
clinical signs of encephalitis after three months. Two rats died at 96 
and 120 h after injection, neither having shown signs of infection prior 
to death. Virus could be recovered from both brains at a titer of 10 
pfu/g. However the brain was relatively small for detailed dissection 
and subsequent culture of the various geographical areas. In view of 
the size of the brain, the variable response and difficulty with 


anesthesia, the rat was not used for further evaluation. 


AE 


uo beriaexs ssw sfamtas Fo estooqa Jaaxeatih oHo% af 
yi bsbivots avewls evisege lantns tone to aistte a0 eiobom fh 
ajsusdileh s exe etdT ~«dovaaasy ets gettub beau ew retiqge 's 


N 


zivchissin! “Yak a3 sonsdtateax nt apoltattay af to yas hiows oe 


ee : 


oii te eetarse hedaion ylesolo agvs neewsed basansencme seed 
ot Been dtsw sisaaits stead goteol {or asx «-CL{T) asicoge 
‘yYhude testa? s0% Jwiias ef5 fo Piiides ioe wes 

«Alaod sacs | baci to vistse bes sons at 


‘ 


.etvue1 nsvig » vd a¢ksaetel seieuhtl Io sees eS 


to engin Lacsinifs oldertapogst 2 répiira.os Leeinag of To yiitide odd 
-eiz Lhe ed % 
geste atk ,bevomes od biyes aboud. ed dotta ddew s2ae ts 


» a 


es 
> beurratied iekeowade boitessh bea bos tmgo299 y 


bastisdtaean et ‘€x Qae -BO19q4 ae) etat Gaetty elent 21sem xe 
6 geivetias ot bexatavoogs enw viivalRtib sidaveblencd exed3s 
a6 ovig o2 etruppie ER TAR f& s0% PLBSGISSES ‘Ye token 
ov Solis? ater gw . (OPM HVER aig ‘OL te cotzoatnt Leads 
yes basididze too ‘had: sad pelts Em gant at Blasi eape te 


00 se beth arex owt Sage hawuet uti atiilsdqeoue to 
wotta natiuetal Io cats ile guitred eaten Malsost al? 


“o4 to to2t2 6. da a ed blvoa- 


? F bis eed a : 
ie . aiigqetgoag ‘& 


3 to o1usivs semwp 


; — ‘aces ate 


¢ 
i 


by ee = 
a = . 


35 

2. Guinea Pig 

Seven young adult Hartley strain guinea pigs (wt. approx. 550 g) 
were anesthetized by intraperitoneal injection of barbiturates as 
previously described. All animals were infected by intracerebral 
injection of HSV-I (KOS) 107 pfu in 0.1 mL. Four animals failed to 
develop any illness and survived a minimum of three months. The three 
remaining animals developed encephalitis which manifested itself as 
disinterest in eating, drinking, decreased preening activity, lethargy 
and ruffled fur. These animals died at 48, 120 and 156 h after 
infection. Virus was recovered in the brain of each animal at an 
average titer of 10° pfu/g tissue. Each brain was divided into six 
areas. In all animals the titer from the left cerebrum, which was the 
site of viral inoculation had a titer ten fold higher than in other 
areas of the brain. The guinea pig brain could be removed easily and as 
it weighed approximately 5 g in the adult animal, it was of sufficient 
size to facilitate easy dissection. However, the guinea pig was too 
small for the brain scanning apparatus available. 

3. Rabbits 

Eight freshly-weaned Dutch rabbits (wt. approx. 900 g) were readily 
anesthetized with intraperitoneal injection of barbiturates. All 
animals were infected by intracerebral inoculation of 107 pfu of HSV-I 
(JLJ) using the technique described in Chapter II. Seven of the eight 
animals developed overt encephalitis and/or neurological defects which 
resulted in death within 3-7 days after infection. The neurological 
manifestations included laboured breathing, grinding/gnashing of teeth 
which progressed to episodic extension on the front legs with a 


simultaneous extension of the neck backwards with a twisting to the side 


(g OP2 .xorqge -7e) agtg nsutug. Akease yolgral tivhs gamgly. ; 
ee esse iwtidysd 10 qotsoat at inexotivegstiat yd 16 
fesdatarsyicl vd- bstosint ary siamtnn [f4 .bad2zoseh chi 

o> telivt efamias wed od £.0.nt witq Soy (80%), 1-VEH . 
anata. edt saddtnom sords. Fo aurtnte Cleawvine 5n6 aeearne ™ 
. " 

eu Sibedi besesligne tse rriw ant efAge S500" tayo Paved olenmies @ 

Vainiael ,vitvisss golgessg ceskaa skis aptly ~saltes al 

deita d OtL baacOSif- 84 tm ets asprtue .egadt mvt 
nS ge ivm@ine tose 10 akeid By ai bbrsreosw eeW await. « 


she Odct bobivEb saw stead ‘Moat 64037 g\ukg fag io. we wa 


oz saw dolde .muiderss 3351 offs mots a9. oit3 clamina ihn ah 
= 
qada0 oi nedd asdgid Blot os3 setts © Sat acksalvaont Leaky 


ga be xiteme bovemes of bingo isi alg secivg aT - o baneea! = 


Susintitwe ju eaw 1 _lsotea siuhs ens. nd 2 C wi geen eae . 


a 


ws 


: ¢ a 

; 

F the > 7 
wil , 


ooc waw xtc canisg, ofa .zsvowol .20tjaseell Yeas pena 


+ adit od ove. apt erm cgn gaeLtSae se) iad; sia Fe : 


Witbees etsy Cy 00° ‘KOIMLS - & at sites bee Aichi tees? 
. he a f Yih = 


Tia _pideatdsed $0 Le senosteagensak + 
I-VEH io ute ‘Or t0 not sation? candi im aie be 
idgte ada to osve? It ee Rea 


: - ‘¢ 


36 
of the initial infection (left). Each episode lasted about 60 seconds 
and was followed by a period of relative normal behaviour. Within 
several hours the episodes became almost continuous and the two animals 
which were closely observed with these signs died within twelve hours. 
One animal showed a unilateral hind limb paralysis one day prior to 
developing the obvious signs of encephalitis. The brain (wt. approx. 7 
g) could be removed and dissected easily. HSV-I was detected in the 
brains of all the animals which died. The titer of virus was 
approximately 10° pfu/g of brain tissue, and was ten fold to one hundred 
fold greater on the left side of the brain per g tissue. 

4. Mice 

Young Balb/cCr mice (age 25 days) were readily anesthetized with 
ether. A burr hole was easily made through the skull using a 25G needle 
and various titers of HSV-I (JLJ) in 0.05 mL were injected through the 
same needle into the left side of the brain. Only two of fifty animals 
failed to recover from anesthesia. All of the animals injected with 
HSV-I (JLJ) 100 pfu or greater died from encephalitis within one week. 
The survival curve of these animals is shown in Figure 1. Only 40% of 
the mice showed clinical signs of encephalitis prior to death, which 
usually occurred between days 3 and 7. The signs manifested in these 
animals were disinterest in eating, drinking, diminished activity, 
hyperexcitability to stimuli, ruffled fur and huddling. The brain was 
small (wt. approx. 0.3 g) but easy to remove. However, due to its size 
detailed dissection was not feasible. 

Conclusion 

From the results of these preliminary experiments it was decided 


that two animals appeared suitable for further studies. The rabbit 
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Survival curves of Balb/cCr mice age 3 1/2 weeks infected with 
various titers of HSV-I (JLJ) given by intracerebral inoculation in 0.05 
mL. Seven animals were infected in each group. 
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38 
offered the advantage of i) ease of handling ii) ease of anesthesia 
iii) showing pronounced clinical signs characteristic of encephalitis 
and iv) having a brain of a size suitable for detailed dissection. The 
mouse model offered the advantages of i) ease of handling and anesthesia 
and ii) its low cost allowed its use in considerable numbers making it 
particularly suitable for dose-response curves and tissue distribution 
studies. However the weanling mouse (age 25 days) was too small for 
easy blood sampling from its tail vein, so in subsequent experiments, 
older mice (49 days) were used. 

B. ROUTE OF INFECTION 

The five routes used in inducing herpes encephalitis have been 
described earlier. Intraperitoneal injection causes a disseminated 
infection which would be inappropriate for this work, since the 
comparison uptake of nucleoside analogues in HSV infected brain tissue 
to other uninfected tissues would be of value in evaluating a model for 
adult herpes encephalitis. The intranasal route of infection appeared 
inappropriate not only because the infection is often systemic, but also 
because encephalitis can only be induced by this route in neonatal 
animals, restricting the size of animals that can be used (73). 
Intraocular inoculation produces an infection that is relatively 
localized, but is usually self-limiting and the animal seldom shows 
features compatible with encephalitis. Therefore the two models 
evaluated were corneal inoculation and intracerebral injection. It was 
decided to evaluate these routes in both the rabbit and guinea pig as 
both animals appeared suitable at that time. 
my) Corneal Inoculation 


Four young adult male guinea pigs (wt. approx. 450 g) and two 
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39 
weanling male rabbits (wt. approx. 850 g) were anesthetized by 
intraperitoneal injection of barbiturates. After 30 minutes the left 
cornea of each animal was scarified with a 21G needle and a 0.1 mL of a 
stock virus solution containing 10° pfu of HSV-I (KOS) was dropped onto 
and massaged into the cornea. The animals were observed daily, 
initially for herpetic keratitis and subsequently for the development of 
any neurologic signs. 

The features exhibited were: 
Day l - eye open: scarifications on clear cornea 
Day 2-4 - eye open: small vesicles visible adjacent to 


scarifications: increasing purulent exudate 


Day 5-10 - eye closed: caked exudate: cornea opacifying 
Day 10-12 —- eye open: cornea opaque 
Day 20-60 - eye open: corneal opacity slowly resolving 


None of the animals infected by this route developed neurological 
signs during the period of observation (60 days). One guinea pig was 
electively sacrificed after seven days to see if virus could be isolated 
from the brain. A plaque assay was performed and no virus was detected. 
2. Intracerebral Injection 

Four young adult male guinea pigs and two weanling male rabbits 
were anesthetized by an intraperitoneal injection of barbiturates. A 
small burr hole was made in the skull and 0.05 mL containing 107 pfu of 
HSV-I (KOS) was injected into the left cerebral cortex. The animals 
were observed daily for encephalitis. Two guinea pigs and both of the 
rabbits died from encephalitis between 4 and 5 days. The brains from 
all of the animals were removed and plaque counts for virus performed on 


6 areas of the brain. The results are depicted in Table l. 
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Table 1. Titer of Virus in Anatomical Areas of Rabbit and Guinea Pig 


Brain 
Area of Brain Rabbit Guinea Pig 
1 2 1 y! 
Left Anterior 410° 5x10° 7x10° 7x10" 
Left Middle 1x10° 3x10° 1x10° 2x10° 
Left Posterior axl On 1x10° 1x10° 1x10° 
5 4 4 - 
Right Anterior 5x10 1x10 6x10 4x10 
5 6 5 6 
Right Middle 6x10 1x10 9x10 2x10 
Right Posterior 2x10" 1x10° 8x10" 1x10° 
Time of death 100 h 120 h 96h 94h 


* Plaque forming units per gram of brain tissue 


Conclusion 

From these preliminary experiments, it appeared that the corneal 
route of introducing infection with HSV-I (KOS) did not produce 
clinically overt infection in either guinea pigs or rabbits. The 
intracerebral inoculation route appeared substantially more promising 
and merited further evaluation. 

Infection by the route of corneal inoculation has been well 
described in the literature (30,68). Strain virulence appears to be of 
major importance. The KOS strain used in these early experiments has 
recently been shown to be less pathogenic than previously assumed (107, 


117). Subsequent experiments using HSV-I (JLJ strain) inoculation onto 
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4l 
a scarified cornea was successful in producing disease. However, by the 
time this was realized, we had adopted the intracerebral route of 
inoculation of HSV-I (JLJ) for the subsequent studies. 
C. ANIMAL AGE/TITER OF VIRUS 

Following these initial studies it appeared that the most promising 
animal models for this work would be the rabbit and the mouse infected 
by the intracerebral route. The effects of the age of the animal and 
the titer of infecting virus were next evaluated, as both might affect 
the reproducibility of the model. 

l. Rabbit Model 

Eight weanling and eight adult rabbits were infected with a known 
titer of HSV-I (JLJ) by intracerebral inoculation. Four rabbits in each 
group received 10/ pfu and four received 10° pfu of virus. The survival 
of the animals is shown in Table 2. 

Six areas from each brain of all fifteen rabbits were assayed for 
virus by plaque counting. In all animals an average of 5 x 10° topoax 
10° pfu/g brain were detected. No difference was detected between the 
viral counts in the old or weanling animals, or between the animals 
infected with different doses of virus. However it was noticed the 
titers were usually significantly higher in the left side of the brain 
(particularly, the left middle zone). This will be shown in more detail 
in Section E of this chapter. A five fold variation in viral titers on 
plaque counting was not unusual, on both duplicate or repeat assays. 

2. Mouse Model 

Fifty 25 day old and fifty 6 week old Balb/cCr mice were 

anesthetized and injected with 0.05 mL of a known titer of HSV-I (JLJ) 


virus intracerebrally. Ten, animals from each group were inoculated at 
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Table 2. Effect of Age of Animal and Titer of Virus on Herpes 


Encephalitis Model in Rabbits 


av Adult rabbits survival 


Rabbit Number 


1 2 & 4 
7 
10 pfu Pisen 126 h 140 h survived 
10° pfu 143 h 148 h 148 h 188 h 


be Weanling rabbits survival 


Ly 2 8 4 
7 
10 pfu 74h 85 h 120 h 102 h 
10° pfu 120 h 120 h 120 h 120 h 


each titer. The survival curves for the weanling mice are shown in 
Figure 1 and for the 6 week old mice in Figure 2. The brains of all the 
mice in Figures 1 and 2 were removed at death and the virus quantified 
by plaque assay. In all animals, virus could be readily isolated at 
titers varying from 5 x 10° pfu per g tol x 10° pfu per g of brain. As 
can be seen from comparing curves, the larger the infecting dose of 
virus the shorter the survival of the animal. Similarly it can be 
appreciated from the survival curves that the younger animals developed 
encephalitis earlier than older animals inoculated with an identical 
titer of virus. 

A further unexpected but interesting finding was found in examining 


the plaque counts from the brain at the time of death when a relatively 
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43 
narrow range of viral titers was detected. This range was constant 
regardless of species of animal (rabbit or mouse), duration of infection 
(time of death), age of animal, or of titer of initial viral 
inoculation. These results suggest that there may be a critical average 
titer of virus (around 1 x 10° pfu/g of brain) above which the brain 
cannot function normally and maintain life. 

D. STRAIN OF VIRUS 

The pathogenicity of a virus can vary dramatically both with the 
species of the host and the tissue that is infected. In view of this, 
the pathogenicity of three strains of HSV-I were evaluated in the mouse 
model. HSV-I (JLJ) a wild strain which has only undergone three 
passages in vitro, HSV-I (B2006) a thymidine kinase deficient (TK -ve) 
strain and HSV-I (KOS) a well described strain that has undergone many 
passages in vitro were evaluated. It was particularly important to 
establish a TK -ve animal model as this would provide an excellent 
control for the scanning approach which relies on viral TK. 

The pathogenicity of the three viruses was examined by establishing 
survival curves for all three strains in the mouse model. Figures 2,3 
and 4 show the survival curves for mice infected with HSV-I strains JLJ 
B2006 (TK -ve) and KOS respectively. All animals were Balb/cCr mice age 
6 weeks infected by a known titer of the appropriate strain given by 
intracerebral injection in 0.05 mL. From these curves it can be seen 
that the wild strain HSV-I (JLJ) was more pathogenic at high titers in 
that it caused death more rapidly than the other two strains, and at 
lower titer, it was more pathogenic causing a higher percentage of 
animals to die. By comparing Figures 1 and 5 to 2 and 3 it can be seen 


that this effect is not age dependent. 
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% SURVIVAL 


10 50 100 150 200 


TIME (HOURS) 


Figure 2 


Survival curves of Balb/cCr mice age 6 weeks infected with various 
titers of HSV-I (JLJ) given by intracerebral inoculation in 0.05 mL. 
Ten animals were infected in each group. 
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Figure 3 


Survival curve of Balb/cCr mice age 6 weeks infected with various 
titers of HSV-I (B2006, TK -ve) given by intracerebral inoculation of 
0.05 mL. Ten animals were infected in each group. 
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Figure 4 


Survival curves of Balb/cCr mice age 6 weeks infected with various 
titers of HSV-I (KOS) given by intracerebral inoculation of 0.05 mL. 
Ten animals were infected in each group. 
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Figure 5. 


Survival curves of Balb/cCr mice age 3 1/2 weeks infected with 
various titers of HSV-I (B2006, TK -ve) given by intracerebral 
inoculation of 0.05 mL. Seven animals were infected in each group. 
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Conclusion 

Using a high titer of HSV-I (B2006) an animal model of herpes 
encephalitis caused by a TK -ve virus was established and this appears 
suitable for further use as a control model in the attempt to develop 
radioisotope scan for herpes encephalitis. The studies with different 
strains of virus clearly demonstrated the varying pathogenicity of these 
strains. The wild strain HSV-I (JLJ), at a high titer, caused death 
from encephalitis more rapidly than similar infections with the other 
two strains. At lower titers the HSV-I (JLJ) caused death in more 
animals than the other two strains. The diminished pathogenicity of the 
TK -ve strain has previously been described, but the low pathogenicity 
of KOS strain has only recently become appreciated (112,107). 
E. VOLUME OF INFECTING DOSE/TIME COURSE 

From the previous results it appeared that encephalitis was readily 
induced in a weanling rabbit infected by an intracerebral injection of 
0.1 mL containing 10’ pfu HSV-I (JLJ). In this model the titers of 
virus recovered from the area initially infected (the middle zone of the 
left cerebral hemisphere) were ten fold greater than in other areas of 
the brain. As it would be advantageous for scanning purposes to have 
one localized area which has much more viral replication than other 
areas of the brain, two factors were examined in an attempt to further 
increase the localization of infection. 
l. Volume adjustment 

In order to evaluate the importance of the volume of the 
intracerebral injection in influencing the localization of infection, 
four weanling rabbits were infected by intracerebral injection with 10’ 


pfu of HSV-I (JLJ). In two’ rabbits the inoculum was given in 0.1 mL and 
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49 
in two it was given in 0.01 mL. All four rabbits died between 92 and 
108 hours after infection and the average viral titers of the animals 


are depicted in Table 3. 


Table 3. Effect of Volume of Infecting Virus on Localization of 


Infection 
Rabbits (0.1 mL) Rabbits (0.01 mL) 
1 2 1. 2 
Left Anterior *#1x10° 32107 3x10° 2%10° 
Left Middle nae 7x10° 1x10° 8x10> 
Left Posterior 8x10" 1x10° 1x10! 5x10" 
Right Anterior 1x10° 4x0" 2x10° 1x10" 
Right Middle eae 7x10" 10s 1x10° 
Right Posterior 5x10" 3x10" AsO 3x10° 


*Plaque forming units per gram of brain tissue. 


Conclusion 

From these results it appeared unlikely that minimizing the volume 
of the infecting dose would significantly improve the localization of 
infection. 
2. Time Frame 

A second possible factor which could influence the localization of 
the infection could be time of examination after infection. It appeared 
possible that virus might spread out centrifugally from the initial site 
of infection, so if the animal was examined early in the course of its 


infection before major dissemination of the infection had occurred, 
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50 
viral titers might reveal more localized infection. 
Six weanling rabbits were infected with 10° pfu of HSV-I (JLJ) in 
0.05 ml in the left cerebral hemisphere. Two animals were sacrificed at 
24, 48 and 72 h. Following sacrifice the brains were removed, dissected 
into distinct anatomical areas, and plaque counts were performed. 


The plaque counts are depicted in Table 4. 


Table 4. Time Course Study on Localization of Infection 
Area of brain Rabbit sacrificed at 

24h 24h 48h 48 hu ot72che. -72.h 
Left Anterior 1x1 Ooh Ie LOE 210" bey 2xLOe ap lx] 0> ee 5x10% 
Left Middle Sra k Omen acd OC Ra nce seeks (Opes lec Oe uke] On 
Left Posterior Yxl0?. 2x10? 2xlO* 1x10? 1x10* 12107 
Right Anterior 4x10? 5x10" 2%107 = 2x10° = 1x10" ~=— 1x10* 
Right Middle Tete rama 2%10> Ele terog 3x10° 
Right Posterior Te Ou Ou <1 Oo | OSM Ls 19x 1.04 


*Plaque forming units per gram of brain tissue. 


These figures are of interest for several reasons. Firstly, all 
previous animals had appeared clinically well for the first 72 h after 
infection, despite a considerable number of viruses being present. 
Secondly, there does not appear to be a pronounced certrifugal spread of 
virus following an initial localized infection. 

F. MACROSCOPIC APPEARANCE OF RABBIT BRAIN 


To complete the evaluation of the weanling rabbit model of herpes 
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51 
encephalitis two rabbits were examined as controls. Each rabbit was 
injected with 10/ pfu of HSV-I (JLJ) that had previously been 
inactivated by exposure to ultraviolet light (113). These rabbits 
remained completely well and when they were electively sacrificed 120 h 
after infection, HSV could not be cultured from the brain of either 
animal. 

The appearance of the uninfected rabbit brain was unremarkable, 
apart from a small scar on the site of injection. In contrast the 
brains of the infected animals showed several macroscopic changes (see 
Plate 1). At the site of injection in the left cerebral hemisphere a 
small area of induration was visible centred around the site of needle 
puncture. Most of the left hemisphere was hyperemic with a distinct 
loss of sheen. When dissected the left hemisphere was distinctly soft 
suggestive of cerebral necrosis. 

G. SUMMARY 

From these animal studies, it appeared that two different animal 
models would be needed for the in vivo studies in the development of a 
brain scan for herpes encephalitis. The main model would be that of the 
weanling Dutch rabbit. By the intracerebral inoculation of 10’ pfu of 
HSV-I (JLJ), a clinically obvious illness could be induced in most 
animals by 4 days. In these animals, viruses could be recovered at a 
titer of between 10° to 106 pfu per g of brain tissue. The titers in 
the area around the injection site were usually ten fold higher than 
other areas of the brain. In the rabbit, both pathological and clinical 


pictures remarkable similar to that of the human condition were 
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Plate l. 


Macroscopic appearance of the ventral surface of a weanling rabbit 
brain infected 110 h previously by an injection of HSV-I into left 
cerebral hemisphere. The left hemisphere (to the right of the picture) 
shows marked hyperemia, loss of sheen and a mild deformation of the 
contours of the brain around the site of injection. 
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produced. Therefore the rabbit appeared to be an ideal model in which 
to 

7s) measure blood levels after isotope injection since repeated 
blood sampling is easy. 

ii) measure differential isotope uptake of various areas of a 
HSV-I infected brain. 

iii) use for gamma imaging of the brain. 

iv) perform preliminary tissue distribution studies. 

The mouse model offered some alternate advantages in several 

situations which included: 

i) Definitive tissue distribution. Many animals are required 
for each time point and the use of the inexpensive mouse 
model is more appropriate for this study. 

Lt) Comparative studies evaluating the specificity of 
radiolabelled nucleoside analogue uptake in TK +ve and TK -ve 
HSV infections. The established mouse models of both HSV-I, 
(TK +ve) and HSV-I (TK-ve) encephalitis appeared suitable for 


this purpose. 
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CHAPTER IV CELL CULTURE STUDIES WITH NUCLEOSIDE ANALOGUES 

As outlined in Chapter I the aim of this research project is to 
utilize the phosphorylation and selective trapping of nucleoside 
analogues within HSV-I infected cells as a means of diagnosing herpes 
encephalitis. In HSV-I infected brain cells, a radiolabelled nucleoside 
analogue should be phosphorylated by the viral TK and selectively 
trapped allowing the easy detection of regions of HSV infection by a 
brain scan. In other causes of encephalitis, no selective trapping 
should occur and the brain scan should be negative. 

Initial tissue studies consisted of two distinct phases 

A. Selection of an appropriate radiolabelled nucleoside analogue 

B. quantitation of the uptake of the radiolabelled nucleoside 

analogue in HSV-I infected cells in vitro. 

This approach allowed for an initial comparative trial of several 
antiviral agents and then a quantitation of in vitro uptake to be made 
of the nucleoside analogue selected as the most promising for the 
development of the selective brain scan. 

A. NUCLEOSIDE ANALOGUE SELECTION 

Several nucleoside analogues and radiolabels appeared likely 
candidates for this study. As the object of this work is to develop a 
brain scan for clinical use, the most promising radiolabels would appear 
to be Iodine and Bromine (116). Iodine is currently used as a scanning 
agent for thyroid disease. Two main groups of nucleoside analogues 
appeared suitable. Although ACG does not possess Iodine or Bromine 


within its structure, they have been substituted into the 8 position of 
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ACG (M.J. Robbins, personal communication). Therefore the 8-Iodo and 
8-Bromo substitutions of ACG were both used in the preliminary studies. 
The second group of nucleoside analogues assessed were the halogenated 
vinyl deoxyuridines which contain an intrinsic Iodine or Bromine 
molecule. 

Four nucleoside analogues were evaluated in a preliminary screen. 
The ideal analogue would have a high affinity for viral TK and would be 
concentrated to a great extent within the virally infected cell; where 
presumably it would have antiviral activity. The antiviral activity of 
each nucleoside analogue was assessed to confirm that it was selectively 
phosphorylated in the cell. 

Antiviral activity can be detected in a variety of different ways. 
Unfortunately there is little standardization between the antiviral 
assays used. Antiviral activity is usually assessed by either dye 
uptake or by plaque reduction studies (88, 89). In view of familiarity 
with plaque counting, the plaque reduction technique was used in this 
work. This technique has been used by DeClercq et al. to screen a wide 
range of antiviral agents against a variety of HSV viral strains (23). 
La IDs Assay in Vero Cells 

Vero cells at passage 192 were infected by a given infecting dose 
(approx. 100 pfu) of HSV-I (JLJ). One hour after infection the cell 
monolayer was covered by MEM/agarose (as described in Chapter II) which 
had been supplemented by a given concentration of antiviral agent. A 
broad range of concentrations of antiviral agents were used. After 3 
days the plates were stained and the plaques counted. The number of 
plaques present in the absence of antiviral agent and at each 


concentration of antiviral agent were plotted on a graph and the 
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concentration required to reduce the plaque count by one half was 
calculated (ID, > 

The ID.y for ACG derived from this technique is well described in 
the literature and it lies between 0.07 and 0.11 ug/mL depending upon 
the strain of virus used in the assay. However in several assays the 
ID. 9 for ACG in this system appeared to be 1.0 to 10 ug/mL. Many 
factors have been shown to alter assays of antiviral activity 
CLIG,LL9NZ 3) 

Mycoplasmal contamination in a cell line which has undergone 
multiple passages in a laboratory appeared the most likely cause of this 
variability. Mycoplasma are known to contain enzymes which cleave 
nucleoside analogues between the sugar and base residues (DeClercq - 
personal communication). For this reason primary rabbit kidney cells 
were used for the subsequent antiviral activity assays. 

2. ID, Assay in rabbit kidney cells 

Primary rabbit kidney cells after initial preparation as described 
in Chapter II were grown to confluency in 60 mm petri dishes. Each 
plate was infected with a given pfu of HSV-I (JLJ) and one hour after 
infection a known concentration of antiviral agent contained in the 
agarose/MEM overlay was added to each plate. Duplicate plates were made 
for each concentration of antiviral agent. After three days the plates 
were stained, the plaques counted and the IDe9 calculated as described 
previously. 

The activity of five antiviral agents were tested in three separate 
assays on different days. On each occasion as a control, the ID. 4 of 


both ACG and BVDU were measured to confirm the validity of the 


experiment. The IDE 9 of both of these agents measured in rabbit kidney 
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cells is described in the literature. The ID.y for ACG is between 0.07 


ug/mL and 0.11 yg/mL and the ID. for BVDU is between 0.007 and 0.009 


ug/mL. 


Table 5. Antiviral Activity of Nucleoside Analogues against HSV-I (JLJ) 


Nucleoside Analogue ID, ug /oL 
ACG 0.08 
I-ACG 0.1 
Br-ACG 0.9 
BVDU 0.007 
IVDU 0.009 
Summary 


From these results it appeared that all of the agents considered for 
radiolabelling had antiviral activity. BVDU and IVDU had considerably 
more activity than I-ACG and Br-ACG. This could be explained by either 
a higher affinity of the halogenated vinyl deoxyuridines for viral TK or 
by a higher affinity of their triphosphate forms for the virally 
specified DNA polymerase. Unfortunately, in the literature there are no 
studies to clarify this. However, if the greater antiviral activity of 
halogenated vinyl deoxyuridines (lower ID, 4) is even partially due to a 
greater affinity for viral TK, then the intracellular concentration of 
these nucleoside analogues should be quantitatively higher than that of 
the ACG derivatives. 

For further experimentation IVDU was used as the drug of choice. 


The reasons for this selection were: 
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1. The very high antiviral activity suggested that the agent must be 
very actively concentrated by viral TK within the cell. 
2. The Iodine radiolabel would be more firmly bound into this molecule 
and less susceptible for exchange than in I-ACG (L. Wiebe, personal 
communication). 
3. Methods for preparation of large quantities of both cold and “hot” 
IVDU (with a variety of radiolabels) had just been developed in the 
Faculty of Pharmacy (114). 
B. UANTITATION OF kT -IVDU UPTAKE BY HSV-I INFECTED CELLS IN VITRO 

The nucleoside analogue IVDU appeared to be the most promising agent 


available for this study. When it became available, the pate 


] 
radiolabelled compound was used to quantify the uptake of this compound 
into HSV-I (TK +ve), HSV-I (TK -ve) and uninfected rabbit kidney cells 
in vitro. The aim of this study was to quantify the selective and 
non-selective trapping in infected cells, to determine the time frame of 


the intracellular trapping, and to determine the dose response curve of 


the selective trapping of the drug. 


1) Time-response curve of cellular uptake of (1341j-1vov. 


Confluent rabbit kidney cells were either infected with 6 x10° 
plaque forming units (pfu) of HSV (TK +ve) or were mock infected. After 
7 h of incubation, 0.017 ,Ci (1311)-1vou were added to give a final 
concentration of 0.00276 ug/mL. Quantitation of both the intracellular 
and extracellular radiolabelled IVDU were determined at 20 sec, 30 min, 
1, 2, 4 and 9 h, as described in Chapter II. 

Four infected flasks and three mock infected flasks were harvested 
at each time point. The results of the time-response curve are shown in 


Figure 6. The amount of radiolabelled IVDU in mock infected cells 
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59 
remains low whereas the supernatant concentration remains high. In 
contrast, the radiolabelled IVDU in the supernatant fluid of HSV (TK 
+ve) infected cells decreases with time and the intracellular 
concentration increases proportionately. 

2) Effect of increasing titers of infecting virus on (1343 )-rvpu 
uptake. 

Seven dilutions of stock HSV (TK +ve) and HSV (TK -ve) were made 
into 0.2 mL aliquots and were used to infect the cells. Three flasks 
were infected with HSV (TK +ve), two flasks were infected with HSV (TK 
-ve) and two flasks were mock infected. After 7 h 0.0226 uCi of 
(3+5)-rvpu was added to each flask to give a final concentration of 
0.000858 ug/mL. All cells were harvested after 4 h of incubation and 
the intra and extracellular radiolabelled IVDU was quantified as 
described in Chapter II. The mean and range of values of the cellular 
uptake of (t341)-r1vbu at each infected dose are shown in Figure 7. The 
quantity of (23+1)-rvpu taken up by HSV (TK +ve) cells increased with 


increasing titers of infecting virus. HSV (TK -ve) showed insignificant 


uptake even at high doses of infecting virus. 
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Figure 6 


Time-response curve of (3+3)-1vpu uptake in H Y, (1K +ve) and mock 
infected rabbit kidney cells. Intra¢gtlular [ I]-IVDU in HSV 
infected cells (@). Extracellular [ I]-IVDU in t g medium 
overlay of HSV infected cells (0). Intra¢e}lular [ Ey=iV00- a0 
mock infected cells (m). Extracellular [ I]-IVDU in the medium 
overlay of mock infected cells (0). 
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Figure 7 


Effect of increasing the titer of infegting virus on the 
intracellular selective trapping of [ I]-IVDU in HSV (TK +ve) 
(@), HSV (TK -ve) (A) and mock (M) infected cells. 
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131 : 
Effect of increasing concentrations of [ I]-IVDU in the medium on 
the selective intracellular trapping in HSV (TK +ve) (@), HSV (TK 
-ve) (A) and mock (m) infected cells. 
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3) Dose-response curve of oat -IVDU uptake. 


Known dilutions of ji3l 


I]-IVDU were made and added to the flasks 7 h 
after infection with either 6 x 10° pfu of HSV (TK +ve) or HSV (TK -ve) 
or mock infection. Concentrations were deliberately chosen to cover a 
broad range around the doses known to cause a 50% reduction in pfu 


(ID The ID for the JLJ strain used in these experiments was 0.008 


50)" 50 

ug/mL. The mean and range of counts recovered in the cellular fraction 
of the HSV (TK +ve), HSV (TK -ve) and mock-infected cells are depicted 
in Figure 8. The uptake of (+341 )-1vpu increased proportionately to the 


amount of drug added. This relationship was only seen in HSV (TK +ve) 


infected cells and occurred even above the ID. O° 


Summary 


In the first series of experiments the efficacy of several 
nucleoside analogues as antiviral agents was measured. The two most 
potent agents were BVDU and IVDU. In the second series of experiments a 
quantitation of radiolabelled IVDU uptake was made as a guide both to 
the feasibility and to the optimal conditions for in vivo studies with 
animal models. These results show that the selective uptake of 
(134s )-1vpu is dependent on the infecting dose of the virus. Since the 
experiments were completed in under 12 h, it was assumed that the time 
was inadequate for a second phase of viral infection to occur. As shown 
in Figure 7, an infecting dose of 10° pfu for a 25 a flask containing 
5 x 10° cells is required before significant uptake can be detected. 
Therefore in an animal model at least 1 in 50 cells at any time would 
have to be infected before selective concentration of (13+ )-1vpu could 


conceivably be detected by isotope scanning. The titer of HSV measured 


in brain biopsy specimens from HSV encephalitis patients is not well 
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documented. One study reported that in 11/18 brain biopsies the virus 
concentration was >104 Tissue Culture Infective Dose, (TCID, )/8 brain 
(47). A number of factors could affect the titer of virus from brain 
biopsy. The most important is probably the proximity of the biopsy to 
the most active site of infection. Since there is extensive 
histological destruction of HSV infected brain tissue, it is likely that 
the titers of virus at the site of infection will be adequate to allow 
selective concentration of the gamma labelled nucleoside analogue. 

Two other important factors in developing a brain scan for HSV 
encephalitis are to determine the optimal time and a dosage of isotope 
administration. These results confirm that the uptake increases 
directly with the concentration of isotope used and time the cells are 
exposed to the isotope. From these studies, significant nucleoside 
concentration was detected by 1 h which confirms that the uptake is 
rapid enough to permit the development of an in vivo scan even with 
nucleosides undergoing relatively fast excretion or metabolism. 

The intracellular trapping of (1315 )-rvpu continued to increase in 
almost a linear fashion even at concentrations of IVDU considerably 


higher than the ID The isotope was trapped even when the nucleoside 


50° 
concentration was sufficient to inhibit virus replication suggesting 
that a high concentration of isotope could be used in developing a 
radioisotope scan. The results in this study lend support to the 


concept that (1343 )-1vbu might be a suitable nucleoside analogue to use 


in the development of a selective brain scan for HSV encephalitis. 
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CHAPTER V TISSUE DISTRIBUTION AND PHARMACOKINETICS OF IVDU IN RABBITS 

The third stage of this research entailed an initial evaluation of 
the tissue distribution in a small number of rabbits of a bolus dose of 
radiolabelled IVDU. The tissue distribution was measured both in 
uninfected rabbits and in rabbits with fulminant herpes encephalitis. 
A. TISSUE DISTRIBUTION 

Six weanling rabbits (wt. approx. 1 kg) from one litter were used. 
Four rabbits were infected with an intracerebral injection of 10° pfu of 
HSV-I (JLJ). Two rabbits were left uninfected. After four days, when 
the infected rabbits were convulsing, all six rabbits were given into 
the marginal vein of the left ear a bolus of 20 uCi of ( 7?1y-1vbu ata 
dose of 1 ng/kg intravenously. At 1h and 6 h, one uninfected and 2 
infected rabbits were sacrificed by intracardiac injection of a 
cardioplegic solution (4 M KCl). Prior to this a 5 mL blood sample was 
drawn by cardiac aspiration. 

In all rabbits a detailed dissection was performed and multiple 
samples (at least 3) from each organ were weighed, placed in a 
scintillation vial and their radioactivity counted in a Beckman 8000 
gamma counter. To allow a comparison between different animals the 
ratio of the tissue to blood radioactivity was calculated for each 
organ. The results are shown in Tables 6 and 7. The average tissue to 
blood ratio and the range of values are given. 

In the uninfected animal, only the kidney had a higher level of 
radioactivity than the blood. This was presumably due to a renal route 
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of excretion. This high blood level was disconcerting as it signified 
high “background” activity which could obscure any selective trapping in 
the brain of an infected animal. The brain of the uninfected rabbit had 
very little uptake of isotope in contrast to the brains of infected 
rabbits. In any given organ, as shown by a narrow range of values, 
there was little variation in counts, confirming the reproducibility of 
the assay. In Table 7, six hours after the drug administration, the 
high blood level has persisted and the activity per g of tissue was 
higher than for either the kidney and liver. A small but definite 
difference was still detectable between the brains of infected and 
uninfected animals, but this would be undetectable in a brain scan due 
to the high levels remaining in the blood. 
Summary 

The tissue distribution study described, was performed in a few 
animals to determine in vivo the feasibility of using radiolabelled IVDU 
as a scanning agent. In view of the limited numbers of animals 
involved, the results should be treated with caution. However, the 
demonstration of relatively high ratios of radioisotope in the blood to 
other organs is of major importance in our attempt to use IVDU as a 
scanning agent. Furthermore, the relative amount of radioisotope in the 
blood was still higher after six hours, suggesting that delaying the 
scan until the background counts decreased might not be of value. The 
exact blood levels achieved and the duration of detectable isotope in 
the blood were subsequently studied. The isotope did appear to be 
somewhat concentrated within the herpes infected brain tissue in 
comparison to the uninfected brain tissue, however, this effect was at 


best limited, and unfortunately appeared to be highest when the blood 
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Table 6. Tissue Distribution of (1°1)-1vbu One Hour After Injection. 


Tissue to Blood Ratio (dpm/g tissue:dpm/g blood) 


Tissue Uninfected Animal Infected Animals 
Blood 1.000 1.000 

Brain 0.090 + 0.029 0.418 + 0.087 
Kidney 1.295 + 0.259 1.675 + 0.445 
Liver 0.685 + 0.175 1.326 + 0.147 
Thyroid 0.768 + 0.152 0.798 + 0.016 
Muscle 0.326 + 0.052 0.630 + 0.193 


Table 7. Tissue Distribution of (+291)-r1vbu Six Hours After Injection. 


Tissue to Blood Ratio (dpm/g tissue:dpm/g blood) 


Tissue Uninfected Animal Infected Animals 
Blood 1.000 1.000 

Brain 0.046 + 0.005 0.083 + 0.024 
Kidney 0.914 + 0.020 0.935 tide lL7 
Liver 0.505 + 0.031 0.445 + 0.003 
Thyroid 0.661 + 0.067 0.669 + 0.017 
Muscle 0.630 + 0.009 0.167 + 0.024 


levels were peaking. From these preliminary results it appeared that 
the high blood level of radiolabel might present a major problem and so 


detailed blood kinetic studies appeared warranted. 
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B. BLOOD KINETICS 

Three weanling rabbits (wt. approx. 1 kg) were injected with a 
bolus injection of 268 UCi of (12°17 4-1vbu contained in 2 ug of IVDU. 

The injection was made into a left ear vein and all subsequent blood 
samples were withdrawn from the right ear. The blood samples were 
placed into a heparinised counting vial of known weight, weighed and 
then counted in a gamma counter. The average and range of the dpms per 
g whole blood from the three animals were calculated and this is plotted 
against time in Figure 9. 

From this elimination curve it can be seen that after an initial 
high level five minutes after the injection, the blood level drops very 
rapidly probably due to tissue redistribution. Then a slower phase of 
isotope elimination occurs. One day after the injection, approximately 
5% of the initial dose is still detectable in the blood. Levels this 
high would make an in vivo scan, which relies on detecting relatively 
small differences in brain tissue, particularly difficult. The 
relatively high levels of radioisotope in the blood 24 h after injection 
was surprising since BVDU is cleared from the plasma within 4 h. 
However, recent studies have shown it is metabolized to bromovinyl 
uracil which peaks in the plasma about 2 h after dosing and remains 
detectable for 24 h (115). These studies were done in immunosuppressed 
patients, but if the metabolic pathways of IVDU and BVDU are similar and 
if the metabolism of these nucleoside analogues in man and rabbits is 
similar, this observation may account for the persistent high levels of 
radioactivity in the blood for >24 h. 

Another possibility is that the Iodine may have been cleaved off 


the vinyl deoxyuridine and is persisting in the blood in a free state. 
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Elimination curve of radioactivity from whole blood. 
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This problem is being looked at by analysing the plasma from these 


animals using high pressure liquid chromatography. 


OF 


CHAPTER VI CONCLUSION 
This research has covered three distinct areas. The first 

area involved the establishment of animal models of herpes encephalitis 
suitable for radioisotope brain scanning and tissue distribution 
studies. The second area involved evaluation of several nucleoside 
analogues for antiviral activity and then quantitation of the uptake of 
IVDU into herpes infected cells. The third area involved preliminary in 
vivo tissue distribution and pharmacokinetic studies of a bolus 
injection of radiolabelled IVDU. 

Seven distinct variables were examined in an attempt to establish a 
good animal model of herpes encephalitis. A weanling rabbit model of 
herpes encephalitis was eventually developed in which an intracerebral 
inoculation of 10° pfu of HSV-I (JLJ) induced reproducibly a clinically 
distinct illness after 5 days and subsequently death. This model 
appeared appropriate for scanning in view of the large brain and 
relative localization of infection. A mouse model of encephalitis 
resulting from intracerebral inoculation of HSV-I (TK +ve, JLJ strain) 
or HSV-I (TK -ve, B2006 strain) was also developed and appeared suitable 
for both tissue distribution studies and investigations of the 
specificity of the radiolabel uptake in encephalitis. 

In cell culture, the antiviral activity of several nucleoside 
analogues was evaluated and then a quantitation of cellular uptake into 
herpes infected cells was performed for the most promising agent (IVDU). 
This uptake was dependent upon the quantity of virus present, the 


duration of infection and the concentration of radiolabelled agent to 
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which the cells were exposed. These results suggested that an in vivo 
scan was feasible. 

In the rabbit model, a preliminary study of the tissue distribution 
of radioactivity following an infusion of radiolabelled IVDU has shown 
that the radiolabel is higher in the brains of animals with herpes 
encephalitis than in uninfected animals. However a persistent high 
blood level of radioactivity would mask this difference in a brain scan. 

The current research being undertaken in the Faculty of Pharmacy on 
this project involves a determination of the identity of the persistent 
radioactivity in the blood. Once this is understood, perhaps either by 
chemical modification or additional drug administration the clearance of 
the radioactivity can be accelerated from the blood making the 
differential uptake into a herpes infected brain apparent. At this 


point the prospect of a clinical trial could become a reality. 
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